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Conclusions. These results provide experimental evidenceTransferrin up-regulates chemokine synthesis by human proxi-
suggesting that there is a tubuloglomerular “cross-talk” mecha-mal tubular epithelial cells: Implication on mechanism of tubu-
nism in the proteinuric state. PTEC-secreted PDGF, whichloglomerular communication in glomerulopathic proteinuria.
further induces mesangial PDGF, could partially account forBackground. The pathogenesis of glomerulosclerosis and
the mesangial proliferation frequently observed in proteinurictubulointerstitial fibrosis in proteinuric renal disease is obscure.
We recently showed that transferrin, a key proteinuric compo- renal disease. Transferrin is one of the culprit nephrotic pro-
nent, mediates proximal tubular epithelial cell (PTEC) C3 syn- teins leading to tubular overexpression of various proinflam-
thesis. To further examine whether proteinuric tubular injury matory chemokines, which may explain the interstitial changes
may induce glomerular inflammation and to characterize the observed in proteinuric states.
role of transferrin in activating PTEC, glomerular mesangial
cells (MC) were exposed to transferrin-activated PTEC culture
supernatant and their proliferative and profibrotic responses
Regardless of the initiating insult, progression to end-analyzed.
Methods. Human PTEC and MC were obtained by primary stage renal failure in proteinuric kidney disease appears
culture. Confluent, transferrin-stimulated PTEC were grown to involve a final common pathway culminating in glo-
in serum-free medium to produce a “conditioned” medium that merulosclerosis and tubulointerstitial fibrosis. In many
was incubated with quiescent MC. The proliferative response of
forms of chronic glomerulonephritis, the severity of renalMC was then assessed by thymidine uptake, and the expression
progression parallels that of proteinuria and interstitialof fibrogenic factors measured by reverse transcription-poly-
merase chain reaction (RT-PCR) and enzyme-linked immuno- damage [1, 2]. Animal models of protein overload sup-
sorbent assay (ELISA). The chemokine profile in PTEC after port the putative role of proteinuria in the progression
transferrin treatment was examined by RT-PCR and ELISA. of tubulointerstitial scarring [3, 4]. To date, the exact
Results. “Conditioned” supernatant from PTEC, which con-
mechanisms through which proteinuria induces tubulo-tained the highest amounts of platelet-derived growth factor
interstitial damage and glomerulosclerosis have not been(PDGF), stimulated MC proliferation compared with serum-
free (P  0.03) or transferrin-containing (P  0.009) control elucidated. As the proximal tubular epithelium is strate-
media. This proliferative response was partially abrogated by gically located between the urinary space and the sur-
treating MC with anti-PDGF. MC expression of PDGF, but rounding interstitium, interstitial injury induced by pro-not transforming growth factor- or intercellular cell adhesion
teinuria is believed to be mediated through tubularmolecule-1, was up-regulated by conditioned PTEC medium.
epithelial cell (TEC) activation.Transferrin up-regulated monocyte chemoattractant peptide-1,
interleukin-8, and macrophage migration inhibitory factor ex- One of the early and prominent histopathological
pression in a time- and dose-dependent fashion, but had no changes that precede tubulointerstitial scarring is the
effect on RANTES expression by PTEC.
infiltration of the renal interstitium by mononuclear and
polymorphonuclear leukocytes, which appear to play a
key role in the subsequent evolution of tubulointerstitialKey words: glomerular mesangial cell, tubuloglomerular cross talk,
chemokine, proteinuria, interstitial fibrosis. inflammation and fibrosis [5]. The stimuli responsible
for the initial recruitment of inflammatory cells into the
Received for publication May 17, 2001
interstitium are unknown, but chemokines secreted byand in revised form December 4, 2001
Accepted for publication December 5, 2001 tubules almost certainly play a role. Circumstantial evi-
dence implicating a role for chemokines comes from 2002 by the International Society of Nephrology
1655
Tang et al: Tubuloglomerular communication1656
observations that urinary levels of interleukin-8 (IL-8) kit was purchased from Bender MedSystems (Vienna,
Austria). The PDGF-AB EIA kit and rabbit anti-humanand monocyte chemoattractant protein-1 (MCP-1) are
increased in patients with various forms of glomerular PDGF antibodies were from R&D Systems (Minneapo-
lis, MN, USA).diseases, such as IgA nephropathy, membranoprolifera-
tive glomerulonephritis, lupus nephritis [6, 7]. Another
Cell culturechemotactic factor that may be responsible for the traf-
ficking of circulating leukocytes to the renal interstitium Primary culture of human proximal tubular epithelial
cells. Human proximal tubular epithelial cells (PTEC)is complement and complement split products [8, 9]. We
have previously demonstrated that the kidney produces were isolated according to a previously described
method [15]. Briefly, renal cortical tissue was obtainedsignificant amounts of complement C3 [10] and that se-
rum proteins up-regulate tubular C3 synthesis in vitro from kidneys removed for circumscribed tumors. Histo-
logical examination of these kidney samples revealed no[11] which then might generate neutrophil-chemotactic
complement fragments to culminate in tubulointerstitial renal pathology. Cortical specimens were cut into small
cubes and passed through a series of mesh sieves ofinjury. In a further study, transferrin was identified as
the culprit nephrotic protein that up-regulated tubular diminishing pore size. PTEC were collected on the
53-m sieve, and digested with collagenase (750 U/mL)C3 synthesis [12].
The pathogenesis of glomerulosclerosis in proteinuric at 37C for 15 minutes. Tubular cells were isolated by
centrifugation and grown in a 1:1 mixture of Dulbecco’srenal disease is even more obscure. One possible mecha-
nism is through a tubuloglomerular “cross-talk” process, modified Eagle’s medium (DMEM) and Ham’s F12 me-
dium supplemented with 10% fetal calf serum (FCS),as supported by the observation that glomerular sclerosis
occurs even in diseases originating primarily from the hydrocortisone (40 ng/mL), l-glutamine (2 mmol/L), be-
nzyl penicillin (100 IU/mL) and streptomycin (100 g/tubulointerstitium, such as reflux nephropathy, acute tu-
bulointerstitial nephritis, analgesic nephropathy, adult mL). The cells were incubated at 37C in 5% CO2 and
95% air. They were characterized to be of proximalpolycystic kidney disease, and oxalosis [13, 14]. This im-
plies that the initial insult on the renal tubulointerstitial tubular origin by immunofluorescence and enzyme histo-
chemistry: cells stained positively for cytokeratin, vimen-compartment, through an as yet undefined mechanism,
is “transmitted” to the glomerular compartment, causing tin, and alkaline phosphatase, but negatively for factor
VIII-related antigen and -smooth muscle actin. Scan-morphometric and functional changes in the latter.
Our current study investigated whether there is any ning electron microscopy demonstrated the presence of
numerous apical microvilli of a rudimentary brush bor-experimental evidence to support the existence of a tubu-
loglomerular “cross-talk” mechanism, and, if so, identify der with reassembly of tight junctions. Experiments were
performed with cells up to the third passage, as it haswhich tubule secreted factors may be involved. To an-
swer the first question, we explored whether tubular been shown that there are no phenotypic changes up to
this passage number [16]. In all experiments, there was ainjury in proteinuria induces any glomerular inflamma-
tion through an in vitro model in which glomerular mes- “growth arrest” period of 48 hours in serum-free medium
prior to stimulation. Results were obtained from PTECangial cells are incubated with transferrin-activated TEC
culture supernatant. Secondly, we analyzed the chemo- cultured from the kidney of three different donors.
Primary culture of human glomerular mesangial cells.kine profile in TEC after transferrin stimulation to iden-
tify the possible mediators of interstitial injury. Isolation and characterization of human mesangial cells
(MC) were performed as previously described [17].
Briefly, renal cortical tissue obtained as described above
METHODS
was cut into small fragments and passed through a series
Reagents of mesh sieves of diminishing pore size. Glomeruli were
collected on the 90-m sieve. Glomerular cells wereMedium, reagents for cell culture, antibodies for cell
characterization and general chemicals were purchased grown in RPMI 1640 medium supplemented with gluta-
mine (2 mmol/L), N-[2-hydroxyethyl]-piperazine-N-[2-from Sigma Chemicals (Poole, Paisley, UK). Antibiotics,
sera, agarose, and DNA size markers were obtained from ethanesulfonic acid] (HEPES; 10 mmol/L), penicillin (50
U/mL), streptomycin (50 g/mL), and 12% FCS in anGibco BRL (Paisley, UK). Reagents for cDNA synthesis
were obtained from Gibco and Promega (Madison, WI, atmosphere of 5% CO2-95% air. Mesangial cells had a
stellate appearance and grew in clumps. They showed aUSA), and those for polymerase chain reaction (PCR)
were from Perkin Elmer (Branchburg, NJ, USA). En- network of intracellular fibrils of myosin and they con-
tracted in the presence of 1 nmol/L of angiotensin II.zyme immunoassay kits for the detection of RANTES
(regulated upon activation, normal T cell expressed and Mesangial cells at fourth to seventh passages were used.
Results were obtained from MC cultured from the kid-secreted) and MCP-1 were obtained from Chemicon In-
ternational (Temecula, CA, USA), while the IL-8 EIA ney of three different donors.
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Proliferation assay for mesangial cells Analysis of fibrogenic and adhesion molecule gene
expression in MCMesangial cell proliferation was determined by triti-
Mesangial cells were grown in six-well cell cultureated thymidine incorporation. Cells were grown to sub-
plates (Falcon; Becton-Dickinson, Cowley, UK). Totalconfluence on 24-well plates, maintained in serum-free
cellular RNA was then extracted and reverse transcribedmedium for 24 hours and were pulsed with [3H] thymi-
to cDNA as described above. Specific primers and an-dine 1 Ci/well (Amersham Pharmacia Biotech, Buck-
nealing temperatures for polymerase chain reactioninghamshire, UK) after the start of the experiment. After
(PCR) amplification of PDGF, ICAM-1, and trans-the experiment, culture medium was removed and the
forming growth factor- (TGF-) are summarized incells were washed thrice with ice-cooled PBS. The cells
Table 1.were then incubated with 10% trichloroacetic acid
(TCA) for 10 minutes. After incubation, TCA was re- Analysis of chemokine gene expression in PTEC
moved and the cells were solubilized with 1 mol/L NaOH
Proximal tubular epithelial cells were grown to con-and neutralized with 1 mol/L HCl. The radioactivity was
fluence in six-well cell culture plates (Falcon), growthmeasured in a liquid scintillation counter. The results
arrested, and exposed to transferrin (1 to 20 mg/mL) forwere expressed as counts per minute (cpm) per 105 cells.
defined time periods (3 to 48 hours) at 37C. Total cellu-
lar RNA was then extracted and reverse transcribed toRole of fibrogenic cytokine in response to transferrin
cDNA. PCR was carried out as previously described
Platelet-derived growth factor is known to play an [19]. The oligonucleotide sequences of cDNA primers
important part in many fibrotic reactions. To determine were designed from GeneBank. The primer sequences
whether the proliferative responses in MC could be the and PCR profiles for amplifying the various target genes
result of increased production of PDGF, which then acts and their product sizes are summarized in Table 1.
in an autocrine fashion to stimulate cell proliferation, For quantification, human -actin [20] or glyceraldehyde
PDGF was assayed, in accordance with the manufactur- 3-phosphate-dehydrogenase (GAPDH) [21] primers were
er’s instructions, in the culture supernatants of PTEC included in every reaction as an internal control. The
PCR products were separated by 1.5% wt/vol agaroseand MC under different experimental conditions. The
gels, stained with ethidium bromide (Sigma) and the geldetection sensitivity of the ELISA was 8.4 pg/mL, while
image was captured and analyzed using the Gel Docthe intra-batch CV was 4.7%
1000 Densitometry System and Quantity One (Bio-RadFurther investigation of the possible role of PDGF
Laboratories Ltd., Hercules, CA, USA). The productwas investigated by determining the effects of incubation
yield was expressed as a ratio to -actin or GAPDH.with anti-PDGF neutralizing antibodies. Anti-PDGF 50
g/mL was added to subconfluent MC one hour before
Assay of chemokine secretion by PTECthe corresponding experimental supernatants were
Immunoreactive migration inhibitory factor (MIF) inadded for overnight stimulation, after which MC prolif-
cell culture supernatants was quantitated by sandwicheration was determined by tritiated thymidine incorpora-
ELISA. Due to the low level of MIF in the culturetion.
supernatants, the culture supernatant was concentrated
tenfold with Millipore concentrator (Millipore Corp.,RNA extraction and cDNA synthesis
Bedford, MA, USA) before the assay. Antibodies and
Total RNA was extracted from PTEC monolayers by standard for MIF were from R&D Systems (Minneapo-
a modification of the method by Chomczynski and Sacchi lis, MN, USA), and all incubations were carried out at
[18]. Briefly, cells were lysed in a commercially available room temperature. Briefly, 96-well plates (Immunon 2;
lysis buffer that contained a mixture of phenol and gua- Dynatech, Marnes IaCoquette, France) were coated with
nidinium thiocyanate in a monophasic solution (RNA 100 L anti-human MIF monoclonal antibody (3 g/
Isolator; Genosys Biotechnologies, Cambridge, UK). mL) in 0.1 mol/L carbonate-bicarbonate buffer (pH 9.8)
This was followed by chloroform extraction and isopro- overnight. After rinsing with washing buffer [0.01%
panol precipitation. RNA was quantified by absorbance BSA, 0.05% Tween 20 in TBS (20 mmol/L Tris, 150
at 260 nm. Five micrograms of total RNA were reverse mmol/L NaCl), pH 7.3], the plate was blocked with 3%
transcribed (RT) to cDNA with Superscript II reverse BSA in TBS and were incubated for two hours. After
transcriptase (Life Technologies, Paisley, UK) in a 20 further washing, 100 L of PTEC culture supernatants
L reaction mixture containing 160 ng oligo (dT)12-18, 500 or recombinant human MIF standards were added and
mol/L of each dNTP, and 40 U RNase inhibitor for 10 incubated overnight. After washing, 100 L biotinylated
minutes at 37C, 60 minutes at 42C, and 5 minutes at polyclonal rabbit anti-human MIF antibody (0.2 g/mL)
was added and the plates were incubated for two hours.99C. cDNA was stored at 20C until further use.
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Table 1. Polymerase chain reaction (PCR) primer sequences and their location in the cDNA sequence
N of PCR Annealing
Primer Oligonucleotide sequence cycles temperature Product size
IL-8 F: ATG ACT TCC AAG CTG GCC GTG CT 33 55C 298 bp
R: TCT CAG CCC TCT TCA AAA ACT TCT
MIF F: CTC TCC GAG CTC ACC CAG CAG 22 59C 369 bp
R: CGG GTT CAT GTC GTA ATA GTT
MCP-1 F: AGT CTC TGC CGC CCT TCT GT 30 60C 499 bp
R: CCC CAA GTC TCT GTA TCT AA
RANTES F: ACA GGT ACC ATG AAG GTC TC 35 58C 259 bp
R: TCC TAG CTC ATC TCC AAA GA
PDGF F: GAA GGA GCC TGG GTT CCC TG 38 58C 459 bp
R: TTT CTC ACC TGG ACA GGT CG
TGF- F: TCA ACG GGT TCA CTA CCG GC 28 58C 192 bp
R: CAG GGC CAG GAC CTT GCT GT
ICAM-1 F: GAG ACC CCG TTG CCT AAA 28 60C 398 bp
R: CCG CAG GTC CAG TTC AGT
GAPDH F: TGA AGG TCG GAG TCA ACG GAT TTG GT 25 60C 984 bp
R: CAT GTG GGC CAT GAG GTC CAC CAC
-actin F: GGA GCA ATG ATC TTG ATC TT 30 60C 204 bp
R: TCC TGA GGT ACG GGT CCT TCC
Abbreviations are: F, forward; R, reverse; IL-8, interleukin-8; MIF, macrophage migration inhibitory factor; MCP-1, monocyte chemoattractant protein-1; RANTES,
normal T-cell expressed and secreted, regulated upon activation cytokine; PDGF, platelet-derived growth factor; TGF-, transforming growth factor-; ICAM-1,
intercellular adhesion molecule-1; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase
The plates were washed again and 100 L of 1:3000 transferrin-treated PTEC culture supernatants were in-
streptavidin alkaline phosphatase (Dako, Copenhagen, cubated with sub-confluent MC, and the proliferative
Denmark) was added and incubated for one hour. After responses of the latter were then quantified by a thymi-
washing, 100 L of Sigma Fast p-nitrophenyl phosphate dine uptake assay.
(Sigma) was added and the reaction was stopped after Baseline mitogenic activity of mesangial cells was as-
30 minutes with 100L 2 mol/L NaOH. The absorbances sayed in growth-arrested MC. Positive control was ob-
were measured at 405 nm. MIF levels in the culture tained from MC incubated in medium containing 10%
supernatants were determined by extrapolating from the FCS. MC proliferation was not significantly altered after
standard curve. The sensitivity of the assay is 150 pg/mL overnight exposure to medium containing 5 mg/mL
MIF with an intra-batch CV of 2.3%. transferrin, or to PTEC supernatants obtained directly
Detection of RANTES, MCP-1, and IL-8 secretion
after six hours of transferrin stimulation. Transferrin-
was carried out on commercially available assay kits ac-
stimulated PTEC was further incubated in serum-freecording to the manufacturers’ instructions. The detection
medium for 12 hours, and the cell supernatant (“condi-sensitivities and intra-assay CVs were 49 pg/mL  7.4%
tioned” medium) was transferred to MC for overnightfor RANTES, 13.1 pg/mL  7.9% for MCP-1, and 11
incubation. This “conditioned” medium led to signifi-pg/mL  3.8% for IL-8.
cantly increased MC proliferation (Fig. 1).
Statistical analysis
Expression of profibrotic genes in MCAll data were expressed as means  standard devia-
tion. Intergroup differences for continuous variables were Since “conditioned” medium from PTEC increased
assessed by one-way analysis of variance (ANOVA). MC proliferative activity, we performed RT-PCR to test
Post hoc multiple comparisons using Tukey’s HSD test whether profibrotic genes also are concomitantly up-
was used to determine the significance of differences regulated in these MC with heightened mitogenesis. Spe-
between groups. Statistical analysis was performed using cific cDNA primers were used to quantify the expression
SPSS statistical software (Statistical Package for the So- of two profibrogenic cytokines in MC exposed to “condi-
cial Sciences, Inc., Chicago, IL, USA). Significance was tioned” medium: platelet-derived growth factor (PDGF)
defined as P 	 0.05.
and transforming growth factor- (TGF-). We also ex-
amined gene expression of intercellular adhesion mole-
RESULTS cule (ICAM)-1.
MC proliferation after treatment with transferrin- Expression of PDGF gene in MC was significantly
stimulated PTEC supernatants up-regulated after incubation with conditioned PTEC
medium (Fig. 2), while that of TGF-, and ICAM-1To assess whether factor(s) released from PTEC bear
any signals that would interact with the glomerulus, remained unchanged (data not shown).
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Fig. 1. Proliferative response of mesangial cells (MC). Subconfluent Fig. 3. PDGF secretion by PTEC () and MC (). The concentration
MC on 24-well plates were subjected to proliferation assay as deter- of PDGF protein in culture supernatants was assayed by ELISA in
mined by their incorporative capacity of tritiated thymidine after differ- quiescent PTEC (Control), “conditioned” PTEC (defined in the Meth-
ent experimental conditions overnight: (A) Growth-arrested MC grown ods section) (E), and PTEC incubated in the presence of 5 mg/mL
in serum-free medium as negative control. (B) MC incubated in medium transferrin for 6 hours (F). These supernatants were then transferred
containing 10% fetal calf serum (FCS) as a positive control. (C) MC to MC for overnight incubation to reproduce the experimental condi-
incubated in medium containing 5 mg/mL of transferrin. (D) MC incu- tions (D, E and F, respectively) detailed in the legend to Figure 1, and
bated with supernatant from growth-arrested proximal tubule epithelial then assayed for PDGF protein. *P 	 0.01, #P 	 0.005 compared with
cells (PTEC) grown in serum free medium for a further 6 to 12 hours, the corresponding control (Control). Experiments were performed in
which served as control for column E. (E) MC grown in “conditioned” triplicate, and the results are expressed as mean  SD.
medium (defined in the Methods section). (F) MC grown in PTEC
supernatants obtained directly after 6 hours of transferrin stimulation.
All experiments were performed in quadruplicate, and results are ex-
pressed as mean  SD.
Fig. 2. Expression of platelet-derived growth
factor (PDGF) by MC. Constitutive PDGF
expression (Control) by MC was up-regulated
after overnight incubation with “conditioned”
medium (E) compared with unstimulated cells
or cells incubated with PTEC supernatants
obtained directly after 6 hours of transferrin
stimulation (F). All experiments were per-
formed in triplicate. Right hand panel showed
the typical appearances of gels from three rep-
resentative experiments.
Role of PDGF and the effect of neutralizing antibody bated with MC overnight showed a further increase in
PDGF levels that were in excess of the basal secretionProximal tubule epithelial cells secreted low levels of
of the MC (Fig. 3). Thus, supernatants from transferrin-PDGF constitutively, which was up-regulated by trans-
primed PTEC further stimulated MC to produce PDGF.ferrin priming (Fig. 3). The basal secretion of PDGF
To investigate whether PDGF was the stimulator ofby MC was minimal, as no significant change in PDGF
MC proliferation, MC were incubated with an excess ofconcentration was noted when quiescent PTEC medium
was incubated with MC. “Conditioned” medium incu- neutralizing antibody to human PDGF (5g/mL neutral-
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Chemokine secretion by PTEC
To confirm that the chemokine gene transcripts led to
protein expression, PTEC were grown to confluence in
96-well plates, growth-arrested and incubated with me-
dium containing transferrin, diluted to 1.25 mg/mL to
20 mg/mL, for 12 to 72 hours. Cells were counted and
cell culture supernatants were collected and assayed for
the protein concentration of chemokines by sandwich
ELISA.
As depicted in Figure 7A, exposure of PTEC to trans-
ferrin led to time-dependent increases in their secretion
of IL-8 and MCP-1. Modest up-regulation in MIF, but
not RANTES secretion, was recorded. Dose-dependent
stimulation was more robust, with up to 3 log10 percent-
age increases in IL-8 secretion when stimulated by trans-
ferrin from doses of 5 mg/mL. Up-regulation in MIF
Fig. 4. Effect of PDGF blockade on MC proliferation. Proliferative secretion reached 3.5 log10 percentage points with 20
responses in subconfluent MC were quantified by thymidine uptake mg/mL transferrin, while MCP-1 secretion surged by 2.4after incubation with supernatant from growth arrested PTEC grown in
to 3.1 log10 percent in a dose-dependent manner fromserum free medium for a further 6 to 12 hours (Control), “conditioned”
medium (see text for definition) (E), or with PTEC supernatants ob- 2.5 mg/mL transferrin and beyond. RANTES secretion
tained directly after 6 hours of transferrin stimulation (F), in the pres- was unaffected by transferrin throughout (Fig. 7B). Cellence ( ) or absence () of neutralizing anti-PDGF antibody. Experi-
number did not differ significantly before and after expo-ments were performed in triplicate, and the results are expressed as
mean  SD. sure to transferrin.
DISCUSSION
izes 50% of the activity of 10 ng/mL human PDGF) for Glomerulosclerosis is characterized by glomerular ac-
one hour prior to and during incubation with experimen- cumulation of extracellular matrix (ECM) following MC
tal media. In the presence of anti-PDGF antibody, the proliferation. The pathogenesis of MC proliferation and
the ensuing glomerulosclerosis in proteinuric renal dis-surge in thymidine uptake reflecting heightened prolifer-
ease is poorly understood. Regardless of the injuriousative potential in MC after treatment with “conditioned”
mechanism, an imbalance in the control of MC prolifera-medium was abrogated by 55.8  1.5% (P  0.02;
tion appears to play an early and critical role in glomeru-Fig. 4).
lar sclerogenesis. Our current study presents experimen-
tal evidence suggesting the existence of a mechanismChemokine gene expression in PTEC
of tubuloglomerular communication in the proteinuricReverse transcription-polymerase chain reaction with
state, using transferrin as the challenging nephrotic pro-sequence-specific cDNA primers was performed on
tein. The doses of transferrin used are higher than wouldgrowth-arrested confluent PTEC monolayers exposed to
be expected in even the most severe cases of nephrosis.different doses of transferrin for different time points.
Nevertheless, this dose range of transferrin is compara-
There was constitutive expression of IL-8, MIF, MCP-1
ble to that used by other researchers who studied the
and RANTES in quiescent PTEC. effects of transferrin on proximal tubular cell function
Treatment with transferrin led to a time-dependent [22, 23]. The justification for these apparently high trans-
up-regulation of IL-8 expression that peaked at 6 to 12 ferrin concentrations is that in order to mimic in vivo
hours of exposure to transferrin. Dose-dependent re- effects developing over many months or years in short-
sponse was not observed for doses above 5 mg/mL. Con- term cell culture systems, it is necessary to employ a
stitutive expression of MIF was up-regulated after stimu- greater stimulus. “Conditioned” PTEC supernatant, but
lation with 20 mg/mL transferrin. Time-related response not PTEC supernatant obtained immediately after trans-
in MIF expression was not observed. MCP-1 expression ferrin challenge, stimulated MC proliferation. This im-
was increased in both a time- and dose- dependent man- plies that transferrin itself is not a mitogen to MC, and
ner. MCP-1 expression peaked at three hours and fell this theory is supported further by the lack of effect when
progressively thereafter to near-baseline levels at 24 MC were directly incubated with transferrin. Hence, it
hours of incubation with transferrin. The expression of is likely that after exposure to transferrin, PTEC con-
RANTES in PTEC was not significantly affected after tinue to secrete an as yet undefined factor(s) that exerts
a positive impact on the proliferative potential of MC.exposure to transferrin (Figs. 5 and 6).
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Fig. 5. Time response of interleukin-8 (IL-8;
), migration inhibitory factor (MIF;), mono-
cyte chemoattractant protein-1 (MCP-1; )
and RANTES (normal T-cell expressed and
secreted, regulated upon activation; ) gene
expression in PTEC after transferrin chal-
lenge. Confluent growth-arrested PTECs were
incubated with serum- and transferrin-free
medium (STFM) or medium containing 5
mg/mL transferrin for 3 to 48 hours. cDNA
was extracted from cells and subjected to PCR
amplification. The intensity of the amplicon
scanned from agarose gels stained with ethid-
ium bromide was compared to that of -actin
as the internal control. All experiments were
performed in triplicate from three kidney prepa-
rations. Results are expressed as mean  SD.
*P 	 0.05, **P 	 0.01, #P 	 0.001 compared
with cells grown in STFM for an equivalent
duration.
Fig. 6. Dose response of IL-8 (), MIF (),
MCP-1 ( ), and RANTES ( ) gene expres-
sion in PTEC after transferrin challenge. Con-
fluent growth-arrested PTECs were incubated
with STFM or medium containing 1.25 to 20
mg/mL of transferrin. Duration of incubation
was adjusted in accordance with the maximal
time response observed for each chemokine:
12 hours for IL-8, 3 hours for MCP-1, and 24
hours for MIF and RANTES. Results were
obtained from triplicate experiments of three
different kidney preparations, and are shown
as mean  SD. *P 	 0.01, **P 	 0.005, #P 	
0.0001 compared with cells grown in STFM
for an equivalent duration.
These findings are in keeping with experimental models One possible PTEC-secreted growth factor stimulat-
ing MC proliferation is PDGF, which has been shownof nephrosis in which MC proliferation frequently pre-
cedes and is linked to an increase of extracellular ma- to be the most potent mitogen of MC in vivo [25–27],
and is expressed in both experimental and human formstrix (ECM) in the mesangium and glomerulosclerosis
[24, 25]. The importance of MC proliferation in glomeru- of glomerulonephritis in which mesangial cell prolifera-
tion occurs [28, 29]. PDGF is released not only fromlosclerosis is further highlighted by a study from Pesce
et al, who showed the [3H] thymidine labeling index of activated platelets, macrophages, and endothelial cells
but also from MC [25, 30], and has been reported toglomerular cells remained high at late time points in
densely sclerosed glomeruli, indicating that increased stimulate MC proliferation in vitro [26, 30]. Here, we
showed that PDGF secretion in PTEC was increased byMC turnover can be a significant feature associated with
sclerosis, both at the onset and in later stages of dis- transferrin-priming. “Conditioned” medium from PTEC
further up-regulated MC transcription and translationease [24].
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Fig. 7. Effect of transferrin on chemokine se-
cretion by PTECs. Confluent growth-arrested
cells were cultured in serum-free medium con-
taining escalating doses of transferrin. After
distinct time points, culture supernatants were
harvested for enzyme immunoassay for the four
chemokines, while cell number was counted.
(A) Kinetics of chemokine biosynthesis after
overnight incubation with 5 mg/mL trans-
ferrin. (B) Dose effect of transferrin stimula-
tion on chemokine secretion. Results were ob-
tained from triplicate experiments. Data are
expressed as mean  SD. Symbols are: ()
IL-8; () MIF; ( ) MCP-1; ( ) RANTES;
*P 	 0.02, **P 	 0.005, §P  0.001, and #P 	
0.00001 compared with unstimulated, growth-
arrested cells grown in STFM for equivalent
duration.
of PDGF. Thus, the effect of conditioned medium on MC tion in the presence of neutralizing antibody to PDGF
provides confirming evidence.proliferation could be due to a combination of PTEC-
secreted PDGF and the PDGF superinduced in MC after Besides stimulating MC proliferation, PDGF is also
known to be profibrogenic. In a recent study, PDGFits activation by PTEC conditioned medium. These find-
ings support the contention that PDGF contributes to has been shown to promote the production of type IV
collagen, a key ECM component, in human fetal MCthe proliferation of MC via an autocrine and/or paracrine
manner, and are in keeping with observations made by [31]. Apart from PDGF, other profibrotic cytokines need
to be considered. TGF- is a key cytokine involved in theother investigators [25, 26]. The reversal of MC prolifera-
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pathogenesis of glomerulosclerosis and tubulointerstitial nally described as a secreted product from lipopolysac-
charide-stimulated human peripheral blood monocytesfibrosis. In our study, “conditioned” PTEC medium had
no effect on MC expression of TGF-. However, TGF- that had potent neutrophil chemotactic and activating
capacity [33]. The ability of human PTEC to produceexpression could be mediated via a PDGF-dependent
mechanism, as Yamabe et al recently demonstrated stim- IL-8 was first reported in 1992 by Schmouder and co-
workers, who also implicated the role of IL-8 in acuteulation of TGF- production by PDGF in cultured fetal
MC [31]. It is unclear why this observation is not repro- allograft rejection by demonstrating strong IL-8 immu-
nostaining in renal biopsy specimens [34]. The participa-duced here as “conditioned” PTEC medium contains
PDGF, but there are at least two explanations. First, tion of IL-8 in monocyte recruitment is illustrated re-
cently in nephrotoxic nephritis [35]. Moreover, IL-8Yamabe et al employed recombinant PDGF to stimulate
MC, while we used “conditioned” PTEC supernatant. It expression by PTEC has been shown to be regulated by
various cytokines, such as IL-1, tumor necrosis fac-is possible that the factor(s) counteracting the action of
PDGF on mesangial TGF- expression is produced by tor- (TNF-), and TGF-1 [36, 37], thus supporting the
proinflammatory role of IL-8 in renal injury. Here, wePTEC. Secondly, there may be intrinsic differences in
the physiologic behavior between fetal MC and MC ob- showed that transferrin, a key proteinuric component,
also up-regulates PTEC expression of IL-8, with up totained from adult kidneys. Connective tissue growth fac-
tor is another newly described downstream mediator of 3 log10 increases in IL-8 secretion following transferrin
exposure. This may offer a mechanism through whichtissue fibrosis in the kidney [32]. However, its potential
role in glomerulosclerosis and tubulointerstitial fibrosis chronic proteinuria induces the trafficking of circulating
leukocytes into the renal interstitium.needs further investigation.
Taken together, we speculate that transferrin-stimu- Monocyte chemoattractant protein-1 is a prototype
of the family of C-C chemokines, which predominantlylated PTEC produces a signal that eventually is trans-
mitted to the glomerular compartment to culminate in direct the recruitment of macrophages and T-cells [38].
In vitro studies have shown that MC and PTEC produceglomerulosclerosis through the induction of MC prolifer-
ation and overexpression of PDGF. However, blockade MCP-1 after being stimulated by proinflammatory cyto-
kines [39, 40]. More recent data from both human [41]of PDGF only abrogated part of the proliferative re-
sponses in MC, suggesting that factors other than PDGF and animal [42] studies strongly suggest that MCP-1 is
one of the chemokines responsible for renal interstitialin PTEC conditioned medium might be contributing to
MC proliferation. The identity of such factor(s) and its monocyte recruitment. Wang and co-workers have pre-
viously demonstrated up-regulation of MCP-1 mRNAin vivo target cell type(s) requires further characteriza-
tion. In addition, the circuit through which this tubulog- in rat PTEC exposed to bovine transferrin at concentra-
tions of 1 to 8 mg/mL [22]. Here, we validate theselomerular cross-talk takes place in the in vivo scenario
remains to be elucidated. Nevertheless, our in vitro find- findings on human PTEC as well. In addition, to our
knowledge for the first time, we show time- and dose-ings may help explain why glomerulosclerosis is fre-
quently encountered in patients with chronic glomerular dependents effects of transferrin on PTEC secretion of
MCP-1.proteinuria. Our findings also provide an explanation for
the development of glomerulosclerosis in diseases that Migration inhibitory factor is constitutively expressed
by mesangial, glomerular and tubular epithelial cells [43].primarily affect the tubulointerstitial compartment.
Another hallmark of proteinuric renal disease is inter- In animal models of experimental nephritis, up-regula-
tion of renal MIF is closely associated with macrophagestitial inflammation. Previous work in our laboratory
showed that transferrin is one of the culprit urinary pro- accumulation and tissue damage [43]. In humans, MIF
is an important mediator of acute cellular rejection ofteins that stimulate tubular complement C3 expression
and biosynthesis [12]. Hence, transferrin was used as the the renal allograft [44], and has been implicated in the
pathogenesis of various proliferative forms of glomerulo-stimulating protein in vitro to mimic proteinuria in vivo.
To identify the tubule factors other than PDGF that nephritides [45]. Our finding of heightened MIF gene and
protein expression by PTEC after transferrin challengemight be responsible for the changes observed in the
interstitium, we analyzed the chemokine profile in trans- provides in vitro evidence suggesting a link between the
proteinuric renal diseases stated above and the observedferrin-stimulated PTEC. The relevance of chemokines
stems from the observation that leukocyte trafficking hyperinduction of MIF via transferrinuria.
Experimental evidence suggests a role for RANTES, afrom peripheral blood into the renal interstitium is a
prominent feature of tubulointerstitial disease of any C-C chemokine, in the inflammatory phase of crescentic
glomerulonephritis and anti-Thy-1 mesangioprolifera-origin. Three chemoattractants were found to be up-
regulated by transferrin: IL-8, MCP-1, and MIF. tive glomerulonephritis [46]. Using LLC-PK1 cells, a pig
tubular epithelial cell line, Zoja and co-workers demon-Formerly known as neutrophil-activating factor, IL-8
belongs to the C-X-C chemokine family and was origi- strated increased in vitro release of RANTES following
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